Abstract ASTER GDEM data have high spatial resolution and wide coverage, which are significant in topographic analysis and geographic study. ICESat/GLA14 data can improve the vertical accuracy of ASTER GDEM data based on its abundant points with high vertical accuracy. It is essential to seek a proper rectification method for ASTER GDEM data. In this research, taking the Lvliang Mountains of China as the study area, proper rectification method is explored for the latest version of the ASTER GDEM data (ASTER GDEM V2 data). The ICESat/ GLA14 data are regarded as the real data, so the difference between the two datasets is the vertical error data. The key to rectify the ASTER GDEM V2 data is to seek an appropriate interpolation method to simulate a proper surface for the vertical error data. Through analysis and comparison, four interpolation methods including inverse distance weighted (IDW) method, ordinary kriging (OK) method, simple kriging (SK) method and universal kriging (UK) method are first chosen from numerous interpolation methods. Through comparing the vertical error histograms, the samples and the characteristics of the four interpolation methods, the ICESat/GLA14 data in 2005 are selected as the benchmark to rectify the ASTER GDEM V2 data. Then, the vertical error data are calculated using the difference value between the ASTER GDEM V2 data and the ICESat/GLA14 data. Under optimal configuration the vertical error, the chosen four interpolation methods are used to simulate the surface of the vertical error data. Finally, the rectified results for ASTER GDEM V2 data are achieved by adding the interpolated results to the ASTER GDEM V2 data, and the accuracy of the rectified results is appraised using the ground control points on the topographic maps. The research results show that (1) Accuracy of the rectified results is different by using various interpolation methods. The RMSE value range for all the rectified results is 19.5-26.7 m. (2) Among the four methods, SK is the best; the next are OK and UK methods, which have approximately similar performance, but the UK method is a little worse; on the whole, the IDW method has the worst performance. (3) This research not only provides the optimal parameters for different interpolation methods, but also obtains the appropriate rectification method for ASTER GDEM V2 data using ICESat/GLA14 data, which is beneficial for broader range of applications using ASTER GDEM V2 data in topographic and geographic research.
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Introduction
As one of the most widely used global DEM data sets, ASTER GDEM (Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation Model) is essential to many application fields, such as topography, geomorphology, hydrology, geology and soil erosion (Frey and Paul 2012; Gichamo et al. 2012; Guha et al. 2013; Chatterjee et al. 2014) . The feasibilities of ASTER GDEM's applications depend on its vertical accuracy (Dragut and Eisank 2011; Mukherjee et al. 2013) , which is important because errors can propagate and impact spatial analysis (Leigh et al. 2009; Yue et al. 2010a) . The latest version of the ASTER GDEM (ASTER GDEM V2) data was released on October 17, 2011. It has a better quality than the first version (Suwandana et al. 2012) . Therefore, it is of significance to improve the vertical accuracy of the ASTER GDEM V2 data.
In this research, the ICESat/GLA14 (the altimetry product of the Geoscience Laser Altimeter System on the Ice, Cloud, and land Elevation Satellite) is used to improve the vertical accuracy of the ASTER GDEM V2 data, which provides global land surface elevation data with high accuracy (0.1 m (1r) for flat bald locations and 1 m (1r) for undulated and vegetated surface) (González et al. 2010; Zhang et al. 2011) . Because of abundant points and high vertical accuracy, ICESat/GLA14 data were used by many researchers in topography, DEM and related fields. For instance, it was used to evaluate the vertical accuracy of the SRTM (Shuttle Radar Topographic Mission) DEM data (Carabajal and Harding 2005; Braun and Fotopoulos 2007; Bhang et al. 2007 ) and ASTER GDEM data (Du et al. 2013) ; it is regarded as the ground control point (GCP) data and height reference to adjust the TanDEM-X (TerraSAR add-on for Digital Elevation Measurements) DEM data (González et al. 2010; Gruber et al. 2012) ; it is also regarded as data source to construct an accurate DEM data (Jawak and Luis 2012; Kumar and Trivedi 2012; Wang et al. 2013a ). In addition, the ICESat/GLA14 data were also used in other research fields, such as the estimation of the forest canopy height (Iqbal et al. 2013; Hayashi et al. 2013) , water level change Wang et al. 2013b) , glaciology (Kääb 2008; Nuth and Kääb 2011) and so on.
Meanwhile, the vertical accuracy of the ASTER GDEM is 20 m at 95 % confidence (ASTER GDEM Validation Team 2009), which is much lower than that of the ICESat/ GLA14 data. So it is reasonable to use the ICESat/GLA14 data to rectify the ASTER V2 data. Taking Lvliang Mountains of Shanxi Province, China as the study area, this research aims to explore an optimal rectification method to improve the vertical accuracy of the ASTER GDEM V2 data using ICESat/GLA14 data. This research not only gives a reference to similar research in other regions, but also has positive effect on various applications using ASTER GDEM V2 data (Huang et al. 2014; Su and Guo 2014) .
Materials and methods

Statement of human and animal rights
This research does not involve human and animal participants.
Study area
This study chooses the Lvliang Mountains of China as the study area. Lvliang Mountains are located in the central and northern part of China, and western part of Shanxi Province (Fig. 1) . With Yellow River lying in the western side, and some basins lying in the eastern side, the Lvliang Mountains shows northeastern-southwestern trend.
In order to estimate the accuracy of the rectified results of the ASTER GDEM V2 data, topographic map is used. The Lvliang Mountains distributes through Shuiyuguan Town, which is shown as the red spot in Fig. 1 . A red arrow and label next to the red spot identifies Shuiyuguan town. Shuiyuguan Town is located in the central part of Lvliang Mountains, which exhibits typical topographic characteristics for the study area.
Data collection
The main data sources in this research are ASTER GDEM V2 data, ICESat/GLA14 data and topographic map data.
Compared to ASTER GDEM data, ASTER GDEM V2 data are an upgraded version and developed using an advanced algorithm and more data sources. ASTER GDEM V2 data have the spatial resolution of 1 00 (1 arc second, about 30 m) and wide coverage of 83°S to 83°N, about 99 % of the earth land surface. With high spatial resolution and wide coverage in the global DEM datasets, the ASTER GDEM V2 data are significant in digital topographic analysis and global earth observing research (Rajendran and Nasir 2014; Wu et al. 2014) . The ASTER GDEM V2 data are downloaded from USGS Global Data Explorer in this research.
As part of NASA's (National Aeronautics and Space Administration) Earth Observing System (EOS), the ICESat mission was launched in January 2003 and ended in February 2010 (Zwally et al. 2002; Schutz et al. 2005) . The ICESat/GLA14 data are acquired over the period of [2003] [2004] [2005] [2006] [2007] [2008] [2009] and by a 1064 nm pulse, which results in samples with 172-m along-track spacing on the Earth's surface (Kwok et al. 2004; Zwally et al. 2008) . The ICESat/GLA14 data are collected through the U.S. National Snow and Ice Data Centre (NSIDC).
Topographic map data means the GCP data in the topographic map at 1:5000 scales in Shuiyuguan Town. The topographic map was produced by aerial photogrammetry, whose contour interval is 5 m. To acquire the GCP data, the topographic map was first scanned and rectified. Then, a correct projection was assigned to the topographic map. Furthermore, the GCP points were digitized in the topographic map. The GCP data are used as the reference data to estimate the accuracy of the rectification results of ASTER GDEM V2 data.
Data processing
Data processing for ASTER GDEM V2 data
The original downloaded ASTER GDEM V2 data are 1°9 1°sheets. The downloaded sheets are first merged together, and then clipped by the boundary of the study area using the extraction tools in ArcToolbox of the Arc-GIS software. With continuous surface and vertical accuracy of about 20 m, the clipped ASTER GDEM V2 data are the processed result for ASTER GDEM V2 data in the study area. The distribution of the processed ASTER GDEM V2 data is shown in Fig. 2 . Figure 2 shows that with a value range 360-2807 m, the ASTER GDEM V2 data have a distinct change in the study area.
Data processing for ICESat/GLA14 data
The collected ICESat/GLA14 data are first processed by NGAT (NSIDC GLAS Altimetry elevation extractor Tool), which can extract latitude, longitude, elevation and geoid information from the ICESat/GLA14 data. Meanwhile, the extracted information is written into ASCII files. Then, the ASCII files are transformed into EXCEL files. According to the latitude and longitude locations, the information in the EXCEL files is imported into the ArcGIS software to form point files with elevation and geoid information (Rajendran and Nasir 2014) .
The ICESat/GLA14 elevation data are referenced to the Topex/Poseidon ellipsoid, while the ASTER GDEM V2 data to the WGS84 ellipsoid. In order to keep the ellipsoid consistency Zong et al. 2014) , a transformation equation is used to transform the ICESat/ GLA14 elevation data from the Topex/Poseidon ellipsoid to WGS84 ellipsoid, which is shown in the following equation (Bhang et al. 2007 ):
where ICESat _TOPEX and ICESat _geoid are elevation and geoid information acquired from the ICESat/GLA14 data; the Offset is a constant of about 0.7 m, which is the offset between Topex/Poseidon ellipsoid to WGS84 ellipsoid (Wang et al. 2013a) . Through the Eq. (1), the ICESat/GLA14 data can be transformed to the WGS84 ellipsoid. Then, the point files are clipped by the boundary line of the study area, so the ICESat/GLA14 data are acquired in the study area at 19 phases from 2003 to 2009.
The ICESat/GLA14 data have outlier values due to bad acquisition conditions, such as cloud reflections and laser pulse saturations, which are removed in this research (González et al. 2010) . The outlier values are removed using the three-sigma rule (Du et al. 2013 ). The threesigma rule is one of the simplest and most common methods in discriminating the gross error values, the basic principle of which is: taking the ICESat/GLA14 data as the real value, the difference between the ICESat/GLA14 and ASTER GDEM V2 data obeys the normal distribution with 0 m as the mean value. The equation of the three-sigma rule is the following:
where p is the probability; l is the mean value, which is 0 m in this research; r is the standard deviation; d is the difference value between the ICESat/GLA14 data and ASTER GDEM V2 data. The values of the ASTER GDEM V2 data at the locations of the ICESat/GLA14 points can be computed by using the ''Surface Spot'' of ''3D Analyst Tools'' from ArcGIS software (Zhao et al. 2011) . Then, the difference value can be acquired by subtracting the ICESat/GLA14 value from the ASTER GDEM V2 value. The ''Appendix'' gives the difference value distribution histograms (the outliers are removed) in most phases, which show that the difference values present a normal distribution with the mean value of about 0 m. According to the three-sigma rule, the ICESat/ GLA14 points whose difference values distribute in the margin areas of the two sides are regards as the outliers, whose distribution probability is about 0.03 % in total. Through adjusting the value thresholds and using the symmetrical rule, the outliers are defined as the ICESat/GLA14 points whose difference values are higher than 60 m or lower than -60 m, which is acquired by comprehensively considering the ICESat/GLA14 data at every phase.
Although the vertical accuracy of the ASTER GDEM is 20 m at 95 % confidence (ASTER GDEM Validation Team, 2009), which is suit for the global area. In this research, the study area has high elevation and steep slope, which results in higher vertical errors than flat areas (Zhao et al. 2011; Du et al. 2013) . Hence, if the difference value is higher than 60 m or lower than -60 m, the corresponding points are regarded as outliers and removed from the ICESat/GLA14 data.
The remaining ICESat/GLA14 data are regarded as the correct values, the samples and acquisition of which data are shown in Table 1 . 
Selection of the interpolation methods and ICESat/ GLA14 data
In order to improve the vertical accuracy of the ASTER GDEM V2 data using ICESat/GLA14 data, the vertical error surface should be simulated using an appropriate interpolation method. Meanwhile, as the ICESat/GLA14 data are acquired in 19 phases, selecting proper data to use is a basic work for ASTER GDEM V2 data rectification.
Selection and introduction to the interpolation method
Taking the ICESat/GLA14 data as the real data, the difference between the ICESat/GLA14 data and the ASTER GDEM V2 data can be regarded as the vertical error. To improve the vertical accuracy of the ASTER GDEM V2 data, the key is to simulate a surface through the scattered vertical error points. The methods for surface simulation are interpolation methods, which have been developed since the early 1950s (Yue and Wang 2010) . For example, Krige (1951) proposed the kriging method, which is based on the estimation algorithms of linear least squares; Shepard (1968) presented the inverse distance weighting (IDW) method, which is very dependent on an appropriate weight function (Franke 1982) ; Harder and Desmarais (1972) creates spline method, which focus on the small deflection equation of an infinite plate.
There are vast interpolation methods which can be used in the vertical error interpolation. To find a proper interpolation method, Li and Heap (2011) analyzed over 70 spatial interpolation methods in environmental science. They found that IDW and ordinary kriging (OK) methods were the most frequently compared methods (Zimmerman et al. 1999; Chaplot et al. 2006; Geach et al. 2014 ). Compared to OK, universal kriging (UK) method has similar performance in interpolation, but better performance in extrapolation. OK is easier to implement, so it is proper in interpolation, while UK is better in extrapolation (Goovaerts 1997) . Meanwhile, OK is usually preferred to simple kriging (SK) method because OK does not require the known value of the expectation measure over the region of interest. There is a known expectation value (about 0 m) for the vertical error points in this research, which is suitable for SK method (Goovaerts 1997) . So UK and SK are also the chosen interpolation methods to be compared in this research. An introduction to the four chosen interpolation methods to be compared (IDW, OK, UK, SK) is being given in the following part.
IDW calculates the value of the interpolated cell using a linearly weighted combination of a set of sampled points (Lu and Wong 2008) , which has good performance when the weights of all the variables are similar (Sinowski et al. 1997; Yue et al. 2010b) . The functions of the IDW method are the following:
where f(x, y) is the predicted value at the interpolated cell (x, y); Z i is the observed value at the sampled point; W i is the weight assigned to the sampled point; n represents the number of sampled points used for the interpolation; d i is the distance between the interpolated cell and the sampled point; p is an exponent and always given the value of 1 or 2 (Webster and Oliver 2001; Li and Heap 2014) .
The Eqs. (3) and (4) show: for IDW method, the sampled point which is closer to the interpolated cell has higher weighted value, so it has more influence on the interpolated value than that farther away does. IDW assumes that each interpolated point has a local influence that diminishes with distance, and the weight of every sampled point is solely determined by the distance between the interpolated cell and the sampled point.
Compared to IDW method, the kriging method has a different weighting selection criterion: other than the distance, the kriging method also pays attention to the spatial autocorrelation among the sampled points. The spatial autocorrelation is related to a basic principle of geography-things closer together tend to be more similar than those that are farther apart. The kriging method can be expressed by the following simple mathematical equation:
where f(x, y) is the value of the interpolated cell; u(x, y) is a deterministic trend, like IDW method; e(x, y) is a random, auto-correlated errors form. As u(x, y) solely cannot conduct the interpolation perfectly, some assumptions about e(x, y) are made: it is expected to be 0 (on average) and the autocorrelation between e(x, y) and e x þ Dx; y þ Dy ð Þ is not determined by the actual location (x, y), but the displacement Dx; Dy ð Þ. As for u x; y ð Þ, when it is a simple unknown constant, the method is specified as OK; when it is composed of a linear function of the coordinates, the method is UK; when it is completely known, no matter constant or not, the method is SK. As a generalized linear regression, the kriging method attempts to formulate an optimal estimator in a minimum mean square-error sense (Li et al. 2004) , which is regarded as the best linear unbiased estimate (Yue et al. 2010b ).
Data selection for ICESat/GLA14 data
The ICESat/GLA14 data are acquired at 19 phases, the track of which is similar at every phase. It is meaningless to use all the phases in this research, which may results in crowded points in the tracks. To avoid this situation, the data are selected in 1 year as the experiment data, that is, about 3 phases. The samples of the ICESat/GLA14 data in every year are acquired by overlapping the data at corresponding phases together, which is shown in Table 2 . Table 2 gives the samples of the ICESat/GLA14 data in every year, which shows that the ICESat/GLA14 data in 2004, 2005 and 2006 have the most samples, especially in 2005, which has 125685 samples. The points of the ICESat/GLA14 data have similar tracks at all the phases, but they do not coincide completely.
Then, the vertical errors are acquired by computing the difference between the ASTER GDEM V2 data and the ICESat/GLA14 data at every phase and in every year. The histograms for the vertical error at 20050217 and in 2005 are shown in Fig. 3 , which at other phases and in other years are given as the ''Appendix''.
The histograms can present the vertical value distribution status at every phase and in every year. Kriging method needs the vertical error to obey the normal distribution. Through comprehensively considering the distribution and the sampling numbers of the vertical error at every phase and in every year, the ICESat/GLA14 data in 2005 are selected, the distribution of which are shown in Fig. 4 . Figure 4 presents the distribution status of the ICESat/ GLA14 data at every phase throughout the entire year 2005. Figure 4 and Table 1 show that ICESat/GLA14 data have similar distribution track at every phase, such as is evident at 20050217, 20050520 or 20051021 ; the data at every phase have some missing data in the tracks, although it has the best distribution and most samples at 20051021 as compared to the other two phases; through superposition, the data during the entire 2005 have much better distribution status than it at every sole phase does.
ASTER GDEM V2 data rectification
To rectify the ASTER GDEM V2 data, the differences between the selected ICESat/GLA14 data and ASTER GDEM V2 data are first computed. Then, the difference data are interpolated using the four chosen interpolation methods: IDW, OK, SK and UK. To acquire the optimal parameters of the interpolation methods, two error measures are adopted, which are defined in Table 3 . Table 3 gives the definitions of the mean error (ME) and root mean square error (RMSE). Although there are other measures, such as average standard error, standardized RMSE and so on, the ME and RMSE are used in this research because they are the most important error measures (Chaplot et al. 2006; Geach et al. 2014) . Meanwhile, the performance of different interpolation methods can be easily estimated through comparing the values of the two error measures.
In order to carry out the interpolation process, several steps are needed. The first step is to examine the difference data to find the trend, spatial structure and directional variation of the interpolated points. The trend parameter is used to eliminate the non-random components in the interpolated data, because kriging methods require the interpolated data are random. The second step is to build the geostatistical model, which involves removing the spatial trends and transforming the interpolation data to follow a Gaussian distribution, which is required by kriging methods. In addition, kriging methods require proper semivariogram or covariance functions to model the spatial structure (spatial correlation) in the dataset; the IDW method depends on assumed degree of spatial structure. The final step is to define the search strategy, including the number of the points used to interpolate a value for an Table 3 Error measures used to assess the performance of interpolation techniques
Measures Definition
Mean error (ME) ME ¼
n number of observations, o observed values, p predicted values, i the point i unsampled location, the number of sectors the searching ellipse is split into, and so on. As to the ''Output Type'', it has four kinds: prediction, quantile, probability and prediction standard error. Quantile and probability require assumption of multivariate normal distribution; prediction acquires the interpolation result of the sample points; prediction standard error, the interpolation result of the standard error values of the sample points. In this study, based on the characteristics of the difference data and the ME and RMSE values of the interpolated results, the optimal parameters are determined according to the consistent rule for every interpolation method. The trend chooses ''local polynomial interpolation with three orders''; the transformation to the difference data are not needed, because it has obeyed the Gaussian distribution (see the ''Appendix''); the semivariogram chooses ''stable'' model with number of lags of ''12''. To the searching strategy, it includes the type of ''standard'', sector of ''four'', neighbors to include of ''15'', include at least of ''5'' for kriging and ''10'' for IDW methods. To ''Output Type'', it is ''precondition'' because we need to acquire the interpolation results of the difference data. Other parameters choose default values. Through the above adjustment, the optimal parameters are shown in Fig. 5 . Figure 5 shows the optimal parameters of different interpolation methods taking an example of the ASTER GDEM V2 data rectification using the ICESat/GLA14 data throughout the whole year of 2005. Using the optimal parameters, the ME and RMSE as a whole have the lowest values, which means the interpolation methods has best performance. The optimal parameters of the interpolation methods in the ASTER GDEM V2 rectification using the ICESat/GLA14 data in other phases can reference the results in Fig. 5 .
Under the optimal parameters of different interpolation methods, the error measure values for different interpolation methods are shown in Table 4 . Table 4 shows that the ME values are similar (about 0 m) for all the interpolation methods, which may be because the mean value of the vertical error is approximately 0 m (see the histograms in Fig. 5 and ''Appendix'') . The RMSE measures are paid more attention in comparing the performance of the interpolation methods (Thomas et al. 2015) . Except for the data in entire 2005, the IDW has the worst performance because it has the highest RMSE values in other three phases; the next are OK and UK, they have similar performance because they have almost the same RMSE values in all the phases; SK has the best performance because it has the lowest RMSE values in all the phases except for entire 2005.
Results
Rectification results of the ASTER GDEM V2 data are acquired by using the four interpolation methods under optimal parameters. Then, accuracy of the rectified results is estimated using the GCP data in the rectified topographic map.
Rectification results
The vertical error data are first interpolated using the four interpolation methods under the best performance. Adding the interpolation results to the original ASTER GDEM V2 data, the rectified ASTER GDEM V2 data for every phase are acquired. Taking the rectified results in the whole 2005 under the four interpolation methods as an example, they are shown in Fig. 6 . Figure 6 shows that the rectified results by different interpolation methods have similar elevation distribution, while the elevation ranges have some differences. For example, result for the IDW method has the elevation range of 356.5-2805.6 m, while that for the SK method has 359.5-2806.5 m.
Accuracy estimation using the GCP data
To estimate the accuracy of the rectified results, the GCP data in the topographic map at 1:5000 scales are used. The location within the topographic map is shown as a red spot in Fig. 1 , Shuiyuguan district. The distribution of the GCP data in the topographic map is shown as in Fig. 7 . Figure 7 also gives the shader map of the GCP data distribution area, which shows that the GCP data are distributed in the mountain area. The typical topographic characteristics for Lvliang Mountains are appropriate to use the GCP data here to estimate the accuracy of the rectified results.
Results of a statistical analysis of the GCP data values are shown in Table 5 . Table 5 shows that the GCP data have 161 samples; the elevation range is 1108.0-1366.6 m and standard deviation is 58.9 m. The GCP data are mainly distributed in the middle elevation range of the Lvliang Mountains.
The elevation values of the GCP data are referenced to the Yellow Sea Datum, while the ASTER GDEM V2 data to the EGM96 (Earth Gravitational Model 1996) . According to a previous research, the vertical difference between the two models is about 0.3 m in China (Jiao et al. 2002) , so the datum inconsistency can be omitted in this research (Zhao et al. 2011) . Accordingly, the GCP data are taken as the real values.
Because of the offset effect for ME measure, it is always about 0 m for all the interpolation methods (Table 4 ). The ME is omitted here and the RMSE values are computed using the GCP data for different rectified results, which are shown in Table 6 . Table 6 gives the RMSE measure values for the rectified results using the four interpolation methods at every phase, which show that the RMSE value ranges from 19.5 to 26.7 m, so the four interpolation methods have different performance at every phase; meanwhile, every interpolation method has different performance at the four phases. Through comparing the performance of the four interpolation methods, the RMSE value for the SK method is the lowest at every phase except 20050520 when it is 0.1 m lower than the UK and OK methods, so the SK method generally has the best performance; the RMSE value for the OK method is not higher than those for the IDW and UK methods, so the OK method has better performance; the next better performance is of UK method, which has approximately lower RMSE values compared to OK method except at the whole year of 2005; IDW method has the worst performance, the RMSE value is the highest at every phase except at 2005 when it is lower than that of the UK method.
Discussions Selection reasons of the interpolation methods
This research selects four interpolation methods to rectify the ASTER GDEM V2 data using the ICESat/GLA14 data: IDW, SK, OK and UK. Surely, there are many other interpolation methods, even high-quality or commonly used methods, such as HASM (High Accuracy Surface Modeling) (Zhao et al. 2013; Zhao and Yue 2014) , cokriging method (Basaran et al. 2011; Kumar and Trivedi 2012) and so on.
The reasons to select the four interpolation methods in this research are: they are not fixed, which means the interpolated surfaces are acquired by the spatial autocorrelation among the interpolated points derived from the entire datasets. So the interpolated values and sampled values are not consistent at the same location, and the ME and RMSE measurements can be computed accordingly, which are used to adjust the optimal parameters for the interpolation methods; moreover, the four interpolation methods are most frequently compared methods (Geach et al. 2014; Zhao and Yue 2014) , so they can provide a basis for the relevant researches in the future.
Performance comparison of the interpolation methods
IDW, OK, UK and SK belong to classic interpolation methods, the performance of which has been analyzed and compared by many researchers (Yue and Wang 2010) . For instance, Laslett and McBratney (1990) concluded that kriging was the best method through comparing IDW, kriging and spline methods in the survey of soil pH. Weber and Englund (1992) believed that IDW is superior to kriging. Brus et al. (1996) found kriging was more reliable by using kriging, IDW, and spline to estimate soil properties at points. Laslett and McBratney (1990) calculated the accuracies of kriging and spline and reported that kriging never performed worse than spline (Laslett 1994) . Zimmerman et al. (1999) illustrated that kriging was substantially superior to IDW. Other scientists found that every interpolation method has both advantages and disadvantages, whose feasibility largely depended on the characteristics of the sampled point data set (Carrara et al. 1997; Caruso and Uarta 1998) . In this research, the interpolation methods are examined on the vertical error of the ASTER GDEM V2 data, which shows an approximate normal distribution with about 0 m as the center. The distribution of the sampled points results in the performance difference among the selected interpolation methods.
Impact factors affecting the accuracy of the rectified results DEM datasets are used in various applications, so it is significant for their generation and accuracy improvement (Su and Guo 2014) , which depend largely on the interpolation methods to simulate the corresponding surfaces. Many scientists attempted to appraise the role of the interpolation methods in DEM generation and other applications (Chaplot et al. 2006; Liu et al. 2013 ). Compared to the interpolation methods, Heritage et al. (2009) believe that the quality of the sampling data is a more important factor in affecting the accuracy of the rectified results. Still, the accuracy of the rectified results is different by using the four interpolation methods, and the RMSE values range 19.5-26.7 m. Meanwhile, GLAS release 33 altimetry data are used in this research. The latest altimetry products are release 34, which were released in October 2014. Compared to release 33, release 34 data have a big improvement. For instance, error is fixed in the range determination from transmit-pulse reference-point selection.
With the improvement of the ICESat/GLA14 data and using appropriate interpolation method, the ASTER GDEM V2 data can be rectified with higher accuracy.
Conclusions
Through rectifying the ASTER GDEM V2 data using four interpolation methods and the ICESat/GLA14 data in 2005, the following conclusions can be arrived at:
(1) Four interpolation methods, IDW, SK, OK and UK were selected for ASTER GDEM V2 data rectification. According to the adjusted ME and RMSE values, the optimal parameters are achieved for the four interpolation methods, which gives a reference for future research in similar realm.
Environ Earth Sci (2015) 74:6571-6590 6583 (2) The accuracies of the rectified results using the four interpolation methods are different. Based on the GCP data in the topographic map at 1:5000 scales, the RMSE values of all the rectified results are between 19.5 m and 26.7 m. (3) The performance of the four interpolation methods in rectifying the ASTER GDEM V2 data, when compared, shows that the SK method has the best performance followed by OK and UK methods, which have similar performance, but the UK method has the worst performance in the rectified results in 2005; the IDW method has the worst performance in all other years, although in 2005, it has better performance than that of the UK. 
